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Abstract: Hematopoiesis- is regulated by complex interactions between 
hemopoietic cells and stromal cells within the bone marrow mkroenv.ronment. 
SSalceUsofthismicrroenvironmentsecrete hematopoietic factors, produce 

extracellular matrix and .mediate direct cell-to<ell £"S 
provides a basis for regulatory control of hematopoies*. With advance^ i in . ccU 
Lface phenotyping and cell separation technology, it has been shown Uiatthe 
m34*CD38-CD45RA ,0 "CD77l' a " population contains hematopoietic stem cells. Most 
Sat^c stem celb aire .^quiescent, noncycling ™ «J£^ 
exteralsi^sTEowever, tthey can rapidly enter a functional state G,) in prepa 
rluon for DNA synthesis (S-phase) . There have been high expectauons. recenuj, 
that stimulatory hematopoietic factors will have an important impact on ^chemo- 
therapy by reducing drug-imduced neutropenia and, thereby, aUowing dose-mten- 
Sication of treatment. Similar clinical benefits, however, could also be ^reahzed 
byprotectinghematopoieti.ccellsfrommecytoto^ 

peutic ageni by blocking .the entrance of the hematopoieuc stem cells m to the 
«U cycl Recelt studies luave suggested that the addition of a negaUve regubtor 
can better maintain hemartopoiesis in vitro and that cells capable of l«°g«"» 
ensraftment are primarily comprised of a noncycling populauon. On the other 
hand, exposure to cyclimg-promoting cytokines ex vi™ may produce 
"engraftment defect". An Ihu-SQD murine model with a high degree of human 
cell engraftment will be usseful for future studies of the m vivo effects of various 
agents, infections or gene therapy on human hematopoiesis. 



(J Farmos Med Assoc 
1996;95:281-93; 

Key words: 

hematopoiesis 

CD34* 

marrow microenvironment 
stem/progenitor cells 
chemotherapy 
negative regulator 
engraftment 

long-term marrow culture 
initiating cells 




Human hematopoietic cells ;are derived from controlled 
proliferation and differentiattion of hematopoietic stem/ 
progenitor cells [1 ] . Pluripottent stem cells are capable of 
both self-renewal and differentiation into specific pro- 
genitors. The latter are cormmitted to specific lineages 
and are functionally defined as colony-forming units 
(CFUs), eg, progenitors of die erythroid series (burst- 
fonnin g unit-erythroid > BFU-EandC3FU-E),granulocyte/ 

monocyte (CFU-GM) or multipotent CFU (CFU- 
granulocyte/erythroid/maicrophage/megakaryocyte, 

CFU-GEMM) [1]. Proliferaition and differentiation of 
these stem/progenitor cells are stimulated by specific 



growth factors, termed "hematopoietic colony-stiimulat- 
ing factors" and interleukins <ILs) , which are releaased by 
bone marrow stromal cells, as well as hematoppoietic 
accessory cells like monocytes/macrophages or T ' cells. 

Recent advances indicate that human hematoppoietic 
stem cells represent a very minor subpopulation otf adult 
bone marrow « 1 in 104 to 105 nucleated marrow t cells) . 
With the use of multiparameter analysis of cell ssurface 
phenotype and cell separation technology, it haas been 
shown thatthe CDM*CD38TD45RA!°" andCDVl 1 ™ popu- 
lation contains the hematopoietic stem cells [2, . 3] . In 
addition, human leukocyte antigen-locus DR (HLlA-DR) 
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isabsentorisexpressedatlowlevekonadultstemcelkbut 
is oresenton fetal or neonatail cells. As in the mouse, Thy- 
1 antigen is also present on alU human hematopoietic stem 
cells In the following, new advances in hematopoienc 
stemcellbiology.regulationaindreconstituaonofhuman 

hematopoiesis are discussedi. 



Human Hematopoietic Stem Cells 



Human hematopoietic stemi cells express the CD34 anu- 
gen as do the majority of: hematopoietic committed 
progenitors. Enrichment of human hematopoietic stem 
cells from bone marrow, peripheral blood, or cord blood 
for transplantation depends predominantly on positive 
selection of cells using CD341 cell surface molecules. This 
population of CD34* cells is wery heterogeneous, contain- 
ing cells that are functionality primitive and capable of 
giving rise to all hematopoietic lineages, as well as more 
mature, lineage-specific progenitors. It is conceivable 
that these selected CD34 + suibsets might be more benefi- 
cial than unfractionated bone marrow for transplanta- 
tion as well as for gene therapy. On the other hand, recent 
studies in mice and hurmans have identified non- 
hematopoietic lymphoid cellls thatfunction as "facihtator 
cells" (see Engraftment, '"engraftment defects" and 
"facilitator cells") which enlhance allogeneic bone mar- 
row engraftment [4] . 

CD38 antigen is present on 98% to99% of all CD34 
hematopoietic cells and absent on hematopoietic stem 
cells [5, 6]. It has also been suggested that, under 
single-cell culture conditions, a subset of fetal bone 
marrow cells with the ph<enotype CD34*CD38~HLA- 
DR" can differentiate into both hematopoietic precur- 
sors and stromal cells [6] (lhowever, see recent correc- 
tion, [7]). 

The issue of HLA-DR excpression on hematopoietic 
stem cells warrants further discussion. It was reported 
that lack of HLA-DR expression or its expression at a 
low level characterizes cell's with extensive in vitro ex- 
pansion capacity and with iin vivo stem cell function [8, 
9]. Furthermore, the increase in HLA-DR expression 
from cells collected fromi adult bone marrow and 
peripheral blood correlatess with lineage commitment. 
On the other hand, it was allso reported that HLA-DR is 
expressed on fetal hematopoietic stem cells [10] and, 
to a variable extent, on cordl blood hematopoietic stem 
cells. Huang and Terstappem showed that CD34 T CD38 
HLA-DR* fraction from festal bone marrow contains 
stem cells giving rise to both myeloid and lymphoid 
precursors [11]. These stuidies seem to be contradic- 
tory with regard to HLA-DBR phenotype expression on 
"hematopoietic stem cells'". However, they reflect the 
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difficulty of the unequivocal identificaticon of 
hematopoietic stem cells on the basis of phenaotypic 
markers alone. Alternatively, the discrepancy aamong 
these studies can be attributed to the differer.nce in 
sample sources (fetal vs adult marrow) [11] cor the 
criteria for quantifying the fluorescence intensity ot 
HLA-DR + or HLA-DR 1 "*' cells during cell sorung. . While 
mostCD34 + CD38" cells have been reported to exxpress 
low levels of HLA-DR, the majority of CD34* HL-A-DR 
cells express CD38 [12]. It is, thus, likely that, irn both 
CD34*CD38' and CD34' HLA-DR' subsets of potential 
hematopoietic stem cells, expression of CD388 and 
HLA-DR on CD34* bone marrow cells is, to aa large 
extent, mutually exclusive. Another interpretaauon is 
that the absence of both CD38 and HLA-DR on < CD34 
cells may be used as a marker for hematopoieuoc stem 
cells. Alternatively, these phenotypic markers ccan be 
two independent variables indicating phenotypxc het- 
erogeneity of the hematopoietic stem cell population. 

In addition to these markers, Thy-1 at low/ levels 
characterizes a subset of CD34 T cells .with stttm cell 
function [10] . However, more than 25% of CD344 cells 
in adult marrow and blood expressThy-1 [13], , much 
greater than the predicted incidence of stem ccells (< 
1% of CD34 + cells) [14]. In addition, cells exprressing 
CD34 and low levels of CD45RA and CD71 are repported 
to be enriched with multipotent progenitors thaat pro- 
liferate gready in stroma-containing cultures [11a]. 



Assays for human hematopoietic stemA/pro- 
genitor cells 

Hematopoiesis is analyzed in vitro by short- andd long- 
term culture systems (Fig. 1). Short-term mnarrow 
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Control of Human HemaUopoiesis 



cultures of different hermatopoietic lineages have 
produced information abomt committed clonogenic 
progenitors. In comparisoni, in vitro studies of human 
hematopoietic stem cells arce more difficult because of 
the complexities of assays, (One of the assays available 
for studies of human hemattopoietic stem. cells islong- 
term marrow culture (LTC) [16]. Human LTC has 
been shown to generate ckonogenic progenitors and 
mature cells in the presenae of mesenchymal-derived 
stromal cells for many wceeks [17]. This ability is 
attributed to the presence aand proliferative activity of 
the so-called "LTC-initiatimg cells" (LTC-ICs) [18]. 
Transplantation of LTC-ICs from 10-day-old human 
marrow LTC into patients ttreated with lethal chemo- 
radiotherapy has resulted iin a rapid recovery of the 
hematologic system [19]. Iin analogous murine LTC, 
totipotent lymph o-myeloid irepopulating cells can also 
be maintained and proliferate over a period of several 
weeks. Thus, it appears that lLTC-ICs are closely related 
to in vivo hematopoietic stem cells with repopulating 
potential. 

LTC-ICs are characterizeed by their ability to gener- 
ate clonogenic progenitorss (which are assayed with 
short-term marrow cultures)) after 5 weeks in LTC. The 
rationale is that clonogenic progenitors present at the 
beginning of LTC will dier or differentiate within 5 
weeks, while more primitive : stem cells ( LTC-ICs) main- 
tain the ability to generate new colony-forming cells. 
Therefore, analysis of the; appearance of the new 
clonogenic progenitors at week 5, will help in the 
assessment of the capacity of LTC-IC to maintain in 

vitro hematopoiesis. 

Although the number o)f clonogenic cells present 
after 5 weeks in LTC prowides a quantitative and, 
hence, useful measure of true LTC-IC frequency in the 
original population, only relative values are obtained. 
In order to obtain an absoltute measure of these cells, 
the number of LTC-ICs is determined by a limiting 
dilution assay. Briefly, mini-lLTCs are established in 96- 
weli plates containing pretestablished irradiated hu- 
man stroma or M2-10B4 strcomal cells. Cells recovered 
after 5 weeks from LTC cuiltures are then plated for 
LTC-IC determination by liimiting dilution assay (cell 
numbers should be the equivalent of 50 to 800 CD34~ 
cells at day 0 of culture). Fcor each evaluation, at least 
three cell concentrations aire used with 20 to 24 repli- 
cates per concentration. T^he frequency of negative 
wells (no clonogenic progenitors detectable 5 weeks 
later) can be determined; due reciprocal of the concen- 
tration of test cells that gives > 37% negative cultures will 
be the fraction of LTC-IC out of all cells initially 
present (based on the statis&tical considerations of the 
poisson distribution for limiiting dilutions) . 

These LTCs have also beten useful in the identifica- 
tion of candidate cytokines tthat may control the prolif- 
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eration o>f primitive hematopoietic cells in viwo> be- 
cause the*se in vitro cultures mimic many features of in 
vivo hermatopoiesis. For example, primitive hemato- 
poietic cecils retained in the adherent layer of an urn per- 
turbed L7TC are noncycling and in a quiescentt state, 
analogouis to the quiescent, noncycling state of hiuman 
stem cellls in bone marrow. However, they c:an be 
activated to enter the S-phase of the cell cy<cle by 
medium (changes, but then return to a quiescenit state 
4 to 5 day?s later. This cell cycle oscillation appearrs to be 
controlletd by a local balance between endogemously 
produced! positive and negative regulators (see roelow) 
in the adlherent layer of the LTC. 

More recently, another in vitro technique,, high 
proliferattive potential colony-forming cell (HPP'-CFC) 
culture, has been developed to analyze hiuman 
hematopoietic stem cells [20]. In addition to LT'C, this 
is the onllv in vitro assav available for studying hiuman 
hematopoietic stem cells. The HPP-CFCs do mot re- 
spond to a single growth stimulus but require ait least 
three or rmore hematopoietic factors for proliferation, 
generatimg colonies as large as 3,000 to 8,000 ccilb per 
colony. Trhe murine HPP-CFCs were shown to lhave a 
highly significant correlation with cells capalbie of 
repopulaiting the bone marrow of lethally irracdiated 
mice. Th«se HPP-CFCs, thus, represent a primitive cell 
population, that despite being more mature truan the 
LTC-ICs, are closely related to stem cells. 

One iimportant feature of the HPP-CFC colonies is 
the abilitty to produce additional HPP-CFCs upon 
replacing;;' thus, these cells have the potential of self- 
renewal. TThese experiments demonstrate the presence 
of cells w/ithin primary HPP-CFC colonies capmble of 
forming ; secondary or tertiary HPP-CFCs. This* is an 
importamt feature consistent with "self-renew/al" of 
hematopoietic stem cells. Based on the type of second- 
ary colomies formed after replating, three groiups of 
primary 1HPP-CFC colonies were identified (uinpub- 
lished observations). The first group (43%) ofF HPP- 
CFCs comtains cells that form secondary HPP-CFC- 
derived ccolonies, in addition to being capable of jgiving 
rise to secondary CFU-GM colonies. The second jgroup 
of colonices (47%) contains cells capable of givimg rise 
to only secondary CFU-GM colonies and the: third 
group comsists of fully differentiated progeny unsable to 
sustain thie growth of any type of secondary colonies. 

Negativce regulators of hematopoiesis 

Although* stimulatory factors are important in the regu- 
lation of hematopoiesis, it is generally believe(d that 
hematopcoietic homeostasis requires the existemce of 
negative i regulators, because a hematopoiesis ssystem 
without smch regulators would show wide cyclic: varia- 
tions. Characterization and identification of 
hematopcoietic negative regulators will help to eluci- 
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date the control of steady-state hematopoiesis. There 
has been much speculation, in recent years, on the 
impact that stimulatory hematopoietic factors will have 
on chemotherapy by reducing drug-induced neutrope- 
nia and, thereby, allowing dose-intensification of treat- 
ment. Similar clinical benefits, however, could also be 
realized by protecting hematopoietic cells from the 
toxic side-effects of cycle-specific chemotherapeutic 
agents by blocking the entrance of the hematopoietic 
stem cells into the cell cycle. Therefore, these studies of 
negative regulators will allow development of new 
chemoprotectants which protect hematopoietic stem/ 
progenitors from the ravages of chemotherapy and 
irradiation. 

Some putative negative regulators have been re- 
ported in the literature. Transforming growth factor-P 
(TGF-(3) is one of the most interesting general negative 
regulators; it is a member of a large family that shows 
DNA and amino acid sequence homology. TGF-p is 
produced by a variety of cells, especially in areas of 
active hematopoiesis, including the bone marrow and 
fetal liver. TGF-p specifically inhibits proliferation of 
stem/early progenitor cells but enhances proliferation 
of committed late progenitors [21, 22]. TGF-(3 may 
have acted directly on progenitor/ stem cell growth. 
Infusion of TGF-p into mice produced a rapid suppres- 
sion of early stem cell cycling and decreased marrow 
cellularity and peripheral blood leukopenia [21] . TGF- 
P induced inhibition can also be neutralized by increas- 
ing growth factor concentrations, which indicates a 
dose-related interaction between positive and negative 
influences on proliferation of hematopoietic cells [23] . 

Macrophage inflammatory protein-la (MlP-la) is 
another proliferation inhibitor reported to suppress a 
number of primitive cells including hematopoietic stem 
cells. The MlP-la gene is related to an emerging 
superfamily of small (8-10 kDa), inducible, secreted pro- 
teins, "chemokines w [24, 25] , which have proinflammatory 
and reparative activities [24-26]. Several studies have 
indicated that MlP-la is direcdy inhibitory for spleen 
colony-forming units (CFU-S) and that administration of 
MlP-la can protect primitive murine CFU-S from inacti- 
vation by cell cycle-specific drugs in vivo [27, 28]. 

Prostaglandin E is a product of monocytes/macro- 
phages and has a selective suppressor effect on 
macrophage colony formation, leaving granulocyte 
proliferation virtually unaltered. Lactoferrin, a prod- 
uct of mature polymorphonuclear leukocytes, has been 
reported to suppress production of stimulatory factors 
by^ome cells but not to have a direct inhibitory effect 
on granulocyte/macrophage precursors themselves. 
In addition, other putative specific inhibitors of the 
hematopoietic stem cells include small regulatory 
peptides such as AcSDKP [29, 30] and pEEDCK [31]. 
Injection of either peptides rapidly suppressed CFU- 

284 



GM cycling andd the recruitment of CFU-S after admin- 
istration of ara-i-C [31]. Moreover, both prevented the 
chemotherapy-Hnduced onset of neutropenia, or at 
least shortenedd the period of subnormal white blood 
cell counts. 

Although seeveral putative negative regulators have 
been studied, tithe exact nature, specificity and mecha- 
nism of action : remain to be defined. LTCs have been 
particularly usefeful in the identification of cytokines that 
may control tithe proliferation /cycling of primitive 
hematopoietic c cells. Eaves et al had previously identified 
TGF-(J and MIP-'-l a as the inhibitors that contribute to the 
proliferation arrrest of primitive cells in the unperturbed 
LTCs [32]. Reccent data from the same lab, however, 
appears to rulee out endogenous MIP-la as a relevant 
endogenous inhhibitor in this LTC system [32]. They 
found that thee return to the quiescent state of the 
hematopoietic c cells that occurs 4 to 5 days after medium 
change cannot t be abrogated using an anti-MIP-la anti- 
body. These reesults imply that the endogenously pro- 
duced inhibitors remains unidentified. 

Interactions within the marrow micro- 
environmentt 

Human hematctopoiesis is regulated by complex inter- 
actions among? hematopoietic cells and stromal cells 
within the bonae marrow microenvironment (Fig. 2). 
The stromal I cells of this microenvironment 
represent a heeterogenous population, consisting of 
fibroblasts, enodothelial cells, adipocytes, osteoclasts 
and monocytes^/ macrophages. They secrete cytokines, 
produce extrac cellular matrix and mediate direct cell- 
to-cell contact;:; each of these events provides a basis 
for regulatory c control of hematopoiesis. 

Although onnly cytokines are required for the prolif- 
eration/ differeentiation of hematopoietic progenitors 
in in vitro, shoort-term clonogenic assays, long-term 
cultures cannoot be sustained over months unless an 
adherent strorrmal layer and the extracellular matrix 
are present in tthe cultures. Indeed, hematopoiesis in 
the marrow micicroenvironment requires close associa- 
tion of hematoppoietic stem/ progenitor cells with both 
marrow stromaal cells and the extracellular matrix. The 
importance of s similar cell-to-substrate or direct cell-to- 
ed! contacts haas been well studied in lymphoid systems 
[33]. In contraast, the role of adhesion molecules and 
the extracellular matrix, or both, in the regulation of 
hematopoiesis i is just beginning to be elucidated. 

Figure 2 shcows a schematic representation of this 
complex stromna-hematopoietic interaction. Purified 
human CD34* ( cells express very late anugen-4 (V1A- 
4), VLA-5, and i at least one or more integrins [34, 
35] Human maarrow stromal cells express vascular cell 
adhesion moldecule-1 (VCAM-1) and fibronectin 
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(ligands for VLA-4 and VLA-5) as well as intercellular 
adhesion molecule-1 (IGAM-D (ligand for the 
integrins, LFA-1 and Mac-U) [34] . In addition to adhe- 
sion molecules, extracellular matrix proteins such as 
fibronectin, collagens, heimonectin, thrombospondin, 
proteoglycans and glvcosaiminoglycans [35] also pro- 
vide anchorage sites for bcoth hematopoietic cells and 
cytokines in the marrow rmicroenvironment [3b, 3/ J. 
Fibronectin, a prototype; ligand for stromahema- 
topoietic interactions, is ccomposed of A and B chains 
that are linked by two disulfide bonds. A central cell- 
binding region of fibronectiin, which includes the ammo 
acid sequence Arg-Gly-Asp>(Ser) [RGD(S)], is recog- 
nized by VLA-5 (Oafc) [38, 39] and is important tor the 
binding of hematopoietic progenitors (see below). A 
second site, the CSl-contaimingfragment, located near 
the C-terminal heparin-bimding domain and contained 
within an alternatively splicced region, is recognized by 
the integrin VLA-4 (a,?,) I [40, 41]. 

Patel and Lodish have sihown that BFU-E and more 
mature erythroid precursors adhere to the central cell- 
binding domain of fibromectin via the mtegnn a 5 p, 
[42] This conclusion wass suggested by the specific 
inhibition of the interaction by RGD-containing 
peptides [42] and bv moncoclonal antibodies directed 
against either the RGD-oontaining cell-binding do- 
main of Fibronectin [43] orrVLA-5 [44], Another study, 
however, suggested the uwolvement of VLA-4 {afo) in 
the adhesion of human erythroblastic progenitors to 
the CSl-site of fibronectim [45]. A recent report fur- 
ther showed that the interactions between VLA-4 and 
VCAM-1 were involved in true formation of erythroblasnc 
islands during development of erythropoiesis [46J. 

On the other hand, moire primitive hematopoietic 
cells such as murine daw-12 CFU-S or the human 
CD34DR- bone marrow cells adhered to an isolated 
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CS-1 fragment of Fibronectin [47]. It was also shown 
that the <a, subunit of the VLA-4 in tegrin v*k expressed 
on day-112 CFU-S. Furthermore, infusion of anui-VLA-4 
antiboditeintoprirnaiesledtor^ 
of hematopoietic progenitors into blood WK-J «Jj 
study by Williams et al, however, the day-12 CFUI-S cells 
did not ;adhere to intact fibronectin [47]. It appears 
that the: stroma-hematopoietic interactions rmay be 
more co.mplex than originally ™™ one ^erf™\heet 
al reported that primitive LTC-IC and CFLMGEMM 
progenittors adhere to the 33/ 66 kD C-terminal h.epann- 
binding fragment of fibronectin; in contrast,, more- 
differenltiated, committed progenitors adhere equally 
well to b.oth the 33/66 kD and the 75 kD RGD-dlepend- 
entfragrment [49] . In the 33/66 kD fragment, thiere are 
three sit<es known for cell-attachment: ^ronectiin-C/ H 
I Fibroniectin-C/H II and CS1 fragments [49]. ILTC-IC 
and CFU-GEMM progenitors adhere significamtly bet- 
ter to Fiboronectin-C/H II than to the two flankung sites 

Recemt studies also indicate that the attachment of 
human (CD34* cells to a marrow-derived stromal ! layer in 
wfroinvmlvw VLA-4/VCAM-1 , VLA-5/fibronecttin. and 
pVintegirin/ICAM-1 [34, 50]. CD34* cells seemi to use 
VLA-5, sand to a lesser extent VLA-4, to admere to 
fibronectin. However, this binding, which comW .be 
inhibited bv specific antibodies and peptides [34, 50 j, 
took platce only after activation of the CD34 cells with 
cytokines (see below) . It should be noted that amubod- 
ies to VLA-40, fJ,, other VLA integrins, or V'CAM-1 
never co)mpletelv inhibit cell adhesion to marrowstroma 
[35] Thiis suggests a role for other classes ot initegrins 
or other types of adhesion receptors in stroma- 
hematomoietic interactions. Verfaillie et al fou.nd that 
adhesiom to fibronectin is mediated by proteoglycans 
and by tthe CD44 adhesion molecule, in adduuon to 
VLA-4 [E51]. 



Dynamdc regulation of stroma-hematopoietic 
interactions 

In additiion to cytokines, hematopoiesis is controlled by 
interacticonsbeweenadhesionmoleaUe^andtheirrligands 

in the suirrounding extracellular matrix. The celll adhe- 
siveness can be altered by modifying bkaynthemc pat- 
terns, expression on the cell surface, mRNA splicing and/ 
or posttrranslational modifications of these adhesuon/ceU 
matrix piroteins [52]. Another unique feature is a rapid 
and reven-sible modulation of receptor function o bserved 
for the iintegrin family [52]. Cells can rapidly aUter -the 
binding affinity of the integrins for their bgandto. This 
InskfaMSut signalling" has been shown to be a property -of 
ft,, fc, amd a Ilb B, integrins in many other systerms [53 j. 
Besides adhesion molecules andextracellularmattrixpro- 

teins, it iis anticipated that some "anchored growth fec- 
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tors such as membrane-bound basic fibroblast growth 
factor, monocyte colony stimulating factor or stem cell 
factor (SCF) may participate in the adhesion process. 

Currency, it is known tha.t VCAM-1 in human um- 
bilical vein endothelium can be upregula^d by treat- 
ment with tumor necrosis factor (TNF)^x, 1L-1 or 
UpopolysaccharidetS^.Simillarly.expres^onofVCAM- 

1 by human stromal cells is increased with IL-1 , IL-4 or 
TNF-a stimulation [34, 50] . Treatment with inter- 
feron-y or phorbol myristate acetate rapidly enhanced 
the level of ICAM-1 and prolonged its half-life at the 

cell surface [55]. R 
Modulation of the avidity of integnry* such as a p, 
anda^, was observed after treatmentwith SCF, whereas 

the egression of these molecules at the cell surface was 
little' affected [561- Analogous affinity changes of 
integrins had been reported for the .regulation i of 
integrin function by monocllonal anubodies to this P, 
subunit [57] andalsoby antibodies ; top '^""^ 
lial cell adhesion molecule-1 (PECAM-1) [o8]. It has 
also been shown that in the T cell system, P, affmi? can 
be modulated by ligation of T cell receptors [o9] and 
P„ affinity can also be modulated in the same , way [60]. 
in contrast, neutrophil Maic-1 ( CDli y CD * ^ 
MEL-14 adhesion proteins are inversely regulated by 
chemotatic factors [61 ] . The.se studies strongly suggest 
the importance of the inside-out signaling, unique to 

integrin receptors. 

TGF-6 is known to play an important role not only in 
synthesis and degradation of matrix proteins but also in 
the expression of integrin receptors [62] . A prehmmary 
study found a related proteiin, activin A [63], to have 
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orofound influences on the adhesive properties of 
nema"o P oi«^ 

ment 3Fn8910 (Fig. SA). suggesting the possibdut^ , oi 
modulation! of integrin activities in these cell Jhe 
recombinant hybrid protein ^ "^^J"^ 
orotein in the expression plasmid pIH821 [64] con 
ESeS*. 9th and 10th type III repeats o hbron,ec«n 
(Fig. 3B), representing the central region of hbron.ectm 
that contributes to integrin a r ,p, binding. 
Cytokine-dependent expansion of henuato- 
poiesis ex vivo 

Cvtokine-siupplemented ex vivo expansion has gener- 
ated tremendous enthusiasm in recent years. Trans- 
olantation, of 5-fluorouracil-treated mouse marrow 
expanded for 7 dayswith IL-1 . IL-6 and SCF, resulted in 
Xlvacceleratedrecoveryofbloodneutrophns.plate- 

Sts and hematocrit compared to mice receiving ; umcu - 
tured marrow [65], This acute J™^™ 0 ™^ 
tion of expanded marrow can be attributed to the > 
50WO d ecrease in CFU-GM, > 120-fold increase in 
CFU-S, and 80-fold increase in HPP-CFCs seen over the 
7 days of culture. Ex vivo expansion of human CD34 
cells is achieved in serial delta cultures with P^nKor 
cell expansions of up to 75-fold in 2 
nations off IL-1 + SCF + IL-3 + IL-6 or SCF + IL-6 + IL 3 
+ G-CSF+- erythropoietin [66]. 

However the controversial issue is the degree to 
which human stem cells are maintained or expanded 
in these cultures. The consensus is that these stroma 
free cytokine-supplemented cultures result in large 
mature" cell expansion and moderate (yet variable) 
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progenitor cell expansion, but the number of LTC-ICs 
often declines to below the input level. In this context, 
it should be noted that the addition of the negative 
regulator, MIP-loc plus IL-3 to tt stroma-non con tact" 
culture systems significantly promoted the mainte- 
nance of LTWCsin€ulture,(5e£helQw) . Moreover, the 
source of hematopoietic stem cells may be important: 
15- to 20-fold expansion of LTC-ICs was seen in similar 
cytokine-driven cultures of cord blood CD34 T cells at 1 

and 2 weeks [67] . 

In contrast to ex vivo liquid expansion, the LTC 
system contains stromal cells, which contribute both 
stimulatory and inhibitory signals on interaction with 
hematopoietic cells. Direct comparison of stromal cul- 
tures with stroma-free ex vivo expansions indicates a 
role for stroma in the stimulation of adult human stem 
cells that cannot be fully duplicated by the soluble 
cytokines, with stromal systems generating fivefold more 
LTC-ICs after culture [68]. These and other experi- 
ments indicate the importance of unidentified factors 
from marrow stromal layers [67, 68]. 

The role of marrow stroma is more complex than 
originally anticipated. Verfaillie's group reported that 
in "stroma-noncontact" cultures, up to 50% of LTC-ICs 
can be recovered by 5 weeks and 100% maintenance is 
obtained over 8 weeks if cultures are supplemented 
with IL-3 and MlP-la, as well as undefined diffusable 
factors from stroma [67]. While IL-3 is a growth-pro- 
moting cytokine and MIP-la is a known negative 
hematopoietic regulator, the mechanisms through 
which this cytokine combination maintains primitive 
stem cells are unclear. On one hand, separation of 
human stem cells from stroma may facilitate prolifera- 
tion of human stem cells by removal of the ceils from 
local negative influences. On the other hand, because 
addition of MlP-la without the growth-promoting 
cvtokine IL-3 failed to increase the recovery of LTC- 
ICs, MIP-la mav not have a direct proliferation-induc- 
ing effect on human stem cells [67]. Instead, MIP-la 
most likelv prevents the terminal differentiation of 
immature progenitors induced to proliferate by rela- 
tively high levels of growth-promoting factors such as 
IL-3 and, thereby, facilitates the expansion and accu- 
mulation, or both, of primitive hematopoietic cells. 

Moreover, when "stroma-free" cultures were com- 
pared with "stroma-noncontact" cultures, the same com- 
binations of cytokines resulted in only 5% recovery of 
LTC-ICs. These experiments, therefore, also indicate that 
additional stroma^erived soluble factors, not yet identi- 
fied, are svnergyzing with MIP-la + IL-3 to maintain a 
constant level of human LTC-ICs in in vitro cultures. 
As MlP-la receptors are present on monocytes/ 
macrophages, the aforementioned observations could be 
die result of the induction of secondary factors produced 
by stromal macrophages. Alternatively, MIP-la plus ILr3 
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may exert effects through direct interaction with 
hematopoietic cells rather than through altering the 
marrow microenvironment milieu. 

Engraftment, "engraftment defects'* and 
"facilitator cells" 

The bone marrow microenvironment is generally be- 
lieved to render both stimulatory and inhibitory activi- 
ties toward hematopoietic stem cells. It was reported 
that there are cell cycle and functional differences 
between CD34"/CD38 hiRh and CD347CD38 ,(m human 
marrow cells after in vitro cytokine exposure [69] . This 
is consistent with the Findings of Fleming et al indicat- 
ing that murine stem cells (Thyl.l iow Lin" ,<m Sca-l T ) can 
be divided into resting and actively proliferating cells 
[70]. 

More important is the finding that injection of non-^\ 
cycling stem cells (G„/G0 rescued 90% of lethally \ 
irradiated mice, whereas injection of the actively cy- 
cling S/G,/M cells rescued only 25% [70]. Whether f 
the decreased reconstitution capacity of the cycling J 
stem cells is the result of a loss of their differentiation 
potential/self-renewal capacity, or is due to a defect in 
the homing of these cells to a favorable microenvi- 
ronment remains to be determined. However, a de- 
creased long-term reconstitution capacity of the S/ G 2 / 
M subset was observed when these cells were coinjected 
with a radioprotective dose of syngeneic bone marrow. 
These data are consistent with two hypotheses: 1) the 
S/G../M cycling stem cells differentiate into the com- 
mitted progenitor cell pool, or alternatively, 2) they 
may retain stem cell functionality but have a reduced 
capacity for engraftment on a per cell basis. 

Given that hematopoietic cells responsible for early 
engraftment consist of cells that are highly proliferative 
and short-lived, while cells capable of long-term 
engraftment are comprised primarily of a noncycling 
population, it is reasonable to suggest that the actively 
proliferating and resting cells may represent compart- 
ments of human hematopoietic cells responsible for 
rapid and long-term bone marrow engraftment. 

Delineation of the signals regulating cycling/ 
noncycling stem cells and their relative hematopoietic 
engraftment potential awaits further investigation. 
In Abkowitz's laboratory, glucose-6-phosphate 
dehydrogengse (G6PD) phenotypesofBFU-EandCFU- 
GM were repeatedly assayed for 4 to 6 years after 
transplantation in heterozygous cats in order to track 
the contributions of stem cell clones to the progenitor 
cell compartment [71]. Initially, significant fluctua- 
tions were seen in the G6PD phenotype of progenitor 
cells, implying variable contributions of stem cell clones. 
Only after as long as 1 to 4.5 years did clonal contribu- 
tions to hematopoiesis stabilize, suggesting that 
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hematopoiesis can be stably maintained by the progeny 
of one (or a few) cells [71]. These results indicate that 
the individual stem cell has a vast self-renewal and 
proliferative capacity, or botth. Computer simulation 
further suggests that the transplanted "stem cells" are 
mostly dormant, having a probability of replication of 
1 per 12 weeks (Abkowitz, personal communication). 

Quesenberry et al compared engraftment 
of male murine marrow cellls after ex vivo cytokine 
exposure (IL-3 + IL-6 + IL-1L1 + SCF) to the volume 
equivalent of the starting nomcultured cells in female 
syngeneic recipients [72] . It was found that non cultured 
marrow cells resulted in morre than 20% engraftment 
while cytokine-exposed culuured marrow showed no 
evidence of engraftment. These data indicate that 
exposure of marrow cells to stimulatory cytokines in- 
duced cell cycle activation amd expansion of progeni- 
tor stem cells, while at the saime time producing their 
profound engraftment defectt. Thus, the finding agrees 
with other studies indicating tthat cells which engraft in 
the hosts are quiescent or dorrmant and not in an active 
cell cycle. It is further hypothesized that the defects 
seen with cytokine-exposed rmarrow [72] and with post- 
5 fluorouracil marrow [73] rmay be related to the cell 
cycle status of these cells succh that their progression 
through cell cycling diminisshes the engraftment ca- 
pacity of hematopoietic cells; [72]. 

Graft-vs-host disease ((GVHD) and failure of 
engraftment continue to caiuse significant morbidity 
and mortality, and constitute current challenges in 
bone marrow transplantatiom as well as the humanized 
immunodeficient mouse model (see below). Recent 
experimental (mouse) and cllinical studies have evalu- 
ated the benefit of utilizing^ purified hematopoietic 
progenitors/stem cells as heimatopoietic graft cells for 
transplantation. However, suudies in experimental ro- 
dent models and clinical data* [74, 75] have shown that 
pan-T cell depletion results iin decreased incidence of 
fatal GVHD, but at the costt of increased failure of 
allogeneic-hematopoietic emgraftment [76]. The in 
vivo studies in the mouse systtem by Kaufman et al [4] 
suggests that a population of lymphoid cells 
(CD8 + CD45R + apTCR~), so cailled "facilitator cells" iso- 
lated from the characteristic llymphoid gate during cell 
sorting, increase allogeneic engraftment when 
co transplanted with major hisstocompatibili ty complex- 
matched hematopoietic sterm cells [4]. A similar phe- 
nomena was also seen in true human in vitro studies 
done by Schmidt-Wolf et al |[77]. They reported that 
the presence of human CD44XD8TCR" T cells, and 
also the so<alled "natural siuppressor", suppress the 
mixed leukocyte reaction ancd have been postulated to 
lower the risk of GVHD [77]|. Recent studies strongly 
suggest that primates, includling humans, contain "fa- 
cilitating cells" which can be iisolated using three-color 
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sorting techniques from the lymphoid region. Graven 
that the transplanted cells capable of long-tterrn 
engraftment primarily comprise a noncycling poppula- 
tion [70] , it is tempting to speculate that the facili taating 
cells function by "embracing" hematopoietic stem t cells 
with negative* regulatory activities and, thus, present 
these stem cells from continous proliferation in ffavor 
of engraftment. As accessory cells might increasee the 
chance for engraftment, attempts to enrich stem < cells 
might remove these putative "facilitator ceils." 

Human-mouse chimeras as models for hunman 
hematopoiesis 

Many of the aforementioned studies are in vitro asssays. 
Our understanding of the biologic effects of varrious 
agents, infections or consequences of gene therappy on 
human hematopoiesis is incomplete because off the 
lack of in vivo human stem cell assays, other t than 
clinical bone marrow transplants. As a small aniiimal 
model, the human-cell reconstituted, severe combbined 
immunodeficient (hu-SCID) mouse has been uaseful 
for studying human disease [78-80] and in some ceases 
as a model for gene therapy [81 ] . 

Several approaches for engrafting hunman 
hematopoietic cells into immunodeficient mice Ihave 
been described. They employ transplantation of aadult 
bone marrow, mature lymphoid cells or fetal organns to 
SC1D mice [78-80] . However, these mouse models 1 have 
been of limited use for hematopoiedc studies, beccause 
engraftment is very low and mainly with macrophagge or 
lymphoid lineages [78-80] . This obstacle of low hunman 
hematopoietic cell engraftment was first overcomae by 
Lapidotetal [82] who demonstrated that irradiated aadult 
SCID mice with whole bone marrow supplemented 1 with 
large doses of the human growth factors such as erythro- 
poietin, SCF and PIXY32 1 , allowed human hematopcoietic 
cells to engraft Most important, however, was the obser- 
vation that the mice developed both multilineage j and 
committed myeloid and erythroid progenitors [[82]. 
Human cells were found in the mouse bone marrrow, 
spleen and liver. The suggestion that hu-SCID mice mnight 
engraft primitive progenitors has, thus, been greetedlwith 
enthusiasm. 

Although the hu-SCID model is adequate, we wvould 
like to improve on it so as to have self-sustaining rnnulti- 
lineage hematopoiesis, or at the minimum, increased 
human cell levels and engraftment of primitive progeni- 
tors. In addition to using neonatal SCID mice as reecipi- 
ents of human tissue [83] , we have recently taken stepps to 
improve human cell engraftment. Firstly, in collabbora- 
tion with Dr. D. Mosier at the Scripps Institute, , our 
laboratory has various immunodeficient mice, develooped 
by selective breeding of genetically altered mice, wkhich 
lack various host components that could hinder xenaoge- 
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Docer^raftment of bone manrow components. This new 
^eaencdon of T and B cell imimunodeficient mice have 
<kce2sed function and reducced levels of mouse natural 
iSfcr *NE cells and macrophages. They include SCID.CID 
SOD :nice x mouse class I deficient mice), RAG II 
Sf>£3> 'recombinase II knockout mice x CID mice), 
jtyGrJJ KO.Prf, (RAG II KO imice x perforin knockout 
tract- md NOD.SCID (nonolbese diabetic mice x SCID 

Ser:t2clT. human CD34* cellss, rather than whole bone 
zErro*- cells are now used for* hu-SCID studies, in order 
jj znrxh the ratio of target <cells for engraftment and 
rosace zraft versus host disease seen when bone marrow 
is^sedforreconstitutionofneconatal SCID mice [84] and 
a provide a self-sustaininig system. Finally, another 
isoe reiated to the establishment of hu-SCID models 
:x-sT*2rified hematopoietic sstem cells is the changes in 
be-si^.ooietic phenotypes or development of NK activi- 
ties- iner incubation with cytokines (also see Section 7) . It 
'-s* been reported that the pheenotypes of hematopoietic 
arerjrsors can be modulated tby cytokines during in vitro 
— ^-n a- nrinn. Interferon ybutt not IL4 may significantly 
^>r ea=e the expression of CDB8 on CD34* cells, whereas 
V.'V_ -tokines may act additiively to increase HLA-DR 
ts-ctsson [12]. It was also shown that CD34*CD33" or 



CD34XD38" cells can be induced to express functidonal 
NKcell activity in the presence of marrow stroma anad IL- 
2 [8]. Therefore, phenotypic characteristics of CID34 + 
after suspension cultures (eg, activation for retrooviral 
transduction) should be monitored for any indicaticon of 
phenotypic changes. 

In collaboration with Dr. B. Torbett, our laboratory 
developed the SCID mouse model for a high lewel of 
engraftment of human multilineagic hematopoiesius. As 
shown in Figure 4, we achieved reconstitution of irrradi- 
ated SCID mice with cord blood-derived mononuclear 
cells (MNCs), as well as with CD4XD3*CD20 + -deplleted 
preparations. Figure 4 demonstrates that a representative 
hu-SCID mouse #424 has HLA, CD14*. CD2 + , C1D20 + , 
CD45 + and CD34* cells at 6 weeks. The percentagge of 
human cells are also shown in the legend to Figuure 4. 
More significant is the finding that human cellss are 
engrafted mostly in bone marrow but not in spleena. 

To determine whether the CD14 + cells in the SSCID 
mice were derived from primitive or committed huuman 
progenito rs, we assessed whether human CFU-GM \ were 
present. We demonstrated that these progenitors^ en- 
grafted in hu-SCID mice give rise to human CFUJ-GM 
(88±ll/plate) and BFU-E (26 ±8/plate). Thus, t cells 
of the myeloid and erythroid lineage seen by flow 
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-at. x -, iman hematopoietic cells tare evident in adult SCID mouse bone marrow. Irradiated SOD mice intravenously transplanted with 
V. * ' -rwrf blood cells demonstratee HLA* (90%), CD? (9%), GDI* (4%), CD2CT (32%), CD34> (3%), and CD4T (87%) eel lis from 
«*.»* xne marrow 6 weeks after engraftment. These cells also demonstrated committed progenitors as shown by BFU-E and CFU-GM coblonies 

rt i .zsuiard Monogenic assay. 
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cytometric analyses are developing from human com- 
mitted progenies present in the CD34* population, 
which engrafted in hu-SCID mice (Fig. 4 

CD20* B cells could also be demonstrated in the hu- 
SCID mice, suggesting thatB cell progenitors are present. 
Smanve'Ixplanadon is that CD20 cells present in 
the cord blood preparations were simply expanding in 

the hu-SCID mouse. To «^^ { S^^: 
SCID mice were reconstituted with a CDS CD4 CD JO 
depleted population. To control for input of the number 
of CDS* cells into each SCID moiuse, ^^"^ 
of human cells were adjusted so chat each SCID mouse 

received approximately 3 x 10» ™J 

cord blood-derived MNC or with a CDS CD4 CD20 
depleted subpopulation at 6 weeks revealed that the total 
numbers of human cells and CD2(T cells were found in 
similar numbers in hu-SCID mice whether xenograft^ 
were depleted of CD3 + CD4*CD2<r cells or not. Total 
numbers of CD45* and CD33' cells were also similar 
between hu-SCID mice regardless of total cell input. 
These results suggest that humam cells in the mice are 
derived from the engrafted CD34" cell population. Thus, 
our data are consistent with engnaftment of primitive or 
committed progenitors in hu^ClID mice capable of giv- 
ing rise to myeloid, lymphoid and erythroid lineages. 

The presence of human pheniotypes and the levels ot 
human clonogenic progenitors provide informauon with 
respect to the possibility of en:graftment. There will, 
however, be the issue of long-tterm versus short-term 
entn-aftment after transplantation The longer the time 
we detect committed progenitors after reconsutuuon, 
the more suggestive it is that hematopoieuc stem/ pro- 
genitor cells have engrafted. Th<e shorter the time com- 
mitted progenitors are found, the more suggesuve it is ot 
little or no engraftment, loss or rapid differenuauon of 

hematopoietic cells. 

Although prolonged clonogenic progenitor produc- 
tion is suggestive of hematopoietic stem cell engraftment 
it is not conclusive. It is possible that in the transplanted 
SCID mice onlv committed progenitors engraft. I his 
would be analogous to hu-SCID imice where only mature 
lymphoid cells remain [78] . Alternatively, hematopoieuc 
stem/progenitors cells are present but dormant [/1J, 
giving rise to committed progenitors upon acuvation. 
This last possibility has been suggested by Lapidot et al 
[82] who found CFU-GM/BFU-E activity after resuming 
human growth factor treatment of "reste d" ! SOD mwe- 
and by Note et al [85] who foumd CD45 cells andCFU- 
GM/BFU-E activity 9 months post reconsntuuon. There- 
fore, a more stringent test for emgraftment is the success 
of serial transfer from a hu-SCID mouse to another SCID 
mouse. This rationale is based an the finding that rescue 
i* - *' — ntopotetW- function witth hematopoietic stem/ 
^'""'Ib U more sensitive than any in vitro assay. 



Concluding Remarks 

Almoushonlys»lublehemator^ieucractorsarerequired 
for the in vitro prolifetation/differentiation of 
hematopoietic progenitors in short-term colony assays, 
hematopoiesis in the marrow microenvironment requires 
close interaction between hematopoietic stem/progeni- 
tor cells and marrow stromal cells and with extracellular 
matrix. Although there are high ex pectations that sumu- 
latory hematopoietic factors and highly purified stem 
cells" will prove to be clinically important, the possibility 
of "engraftment defect" as a result of cytokine exposure 
and the existence of putative "facilitator ceUs await fur- 
ther studies. Ira addition to the stimulatory factors, nega* 
tive regulators may also be important for the mainte- 
nance and engraftment of human hematopoieuc cellls_ 
However, theur identity, specificity and mechamsm «rf 
actL remain, to be delineated. Particularly inmgurrag 
a e the findings that cells which engraft in the hosts are 
quiescent or dormant and not in active cell cycle. In light 
of the current: enthusiasm for transplantation medicine 
and gene therapy, the signals regulating cycling/ 
noncycling hematopoietic stem cells warrant detailed 
investigation. 
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